
t+  

NASA Technical Memorandum 89862 

Electrochemical Performance and Transport 
Properties of a Nafion Membrane in a 
Hydrogen-Bromine Cell Environment 

- 

H87-22718 ( N A S A  -T M- 89 8 6 2) 

lP!lB&AIE IN A H Y D 6 C G E 6 - B R C E I E E  CElL 
EbVIRCHHEIS (BASL) 57 p B v a i l :  " X I S  HC Unclas 
A03/HF A01 CSCL 07D G3/25 0079518  

EX€ C? E CC E; E B I C A 1  E EEPOB HA BCB 
w i t i n  ~ ~ ~ A P E E G A ~ X  P L C E E ~ ~ T I E S  C E  A ~ A I I C B  

Richard S. Baldwin 
Lewis Research Center 
Cleveland, Ohio 

June 1987 



ELECTROCHEMICAL PERFORMANCE AND TRANSPORT PROPERTIES OF A NAFION 

MEMBRANE IN A HYDROGEN-BROMINE CELL ENVIRONMENT 

Richard S. Baldwin 
National Aeronautics and Space Administration 

Lewis Research Center 
Cleveland, Ohio 441 35 

SUMMARY 

The overall energy conversion efficiency of a hydrogen-bromlne energy 
storage system is highly dependent upon the characteristics and performance of 
the ion-exchange membrane utilized as a half-cell separator. This study has 
investigated the electrochemical performance and transport properties of a 
duPont Nafion membrane in an aqueous HBr-Br2 environment. 
tivity data are presented as a functlon of HBr concentration and temperature 
for the determination of ohmic voltage losses across the membrane in an opera- 
tional cell. Diffusion-controlled bromine permeation rates and permeabilities 

N are presented as functions of solution composition and temperature. Relation- 
r 7  ships between the degree of membrane hydration and the membrane transport 
w characteristics are discussed. The solution chemistry of an operational 

hydrogen-bromine cell undergoing charge from 45 percent HBr to 5 percent HBr 
is discussed, and, based upon the experimentally observed bromine permeation 
behavior, predicted cell coulombic losses due to bromine diffusion through the 
membrane are presented as a function of the cell state-of-charge. 

Membrane conduc- 

m 
In 
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INTRODUCTION 

The hydrogen-bromine fuel cell system has been a subject of considerable 
interest in recent years as a regenerative energy storage system and has been 
extensively investigated as an attractlve technology for large-scale terres- 
trial energy storage (refs. 1 to 4). When coupled with a photovoltaic system 
to provlde primary electrical power, the hydrogen-bromine system potentially 
is an attractive candidate for space power applications for which relatively 
high energy efficiencies are required. 

One concept for an electrochemically regeneratlve hydrogen-bromine system 
employs a multicell configuration in which each electrochemical cell can be 
utilized for botb charge and discharge operations. For each individual cell, 
a cation-exchange membrane is used to separate the negative half-cell, which 
contains a catalyzed hydrogen electrode and flow passages for gaseous hydrogen, 
from a positive bromine half-cell containing a porous carbon flow-by electrode 
and flowing aqueous hydrobromic acid (HBr) as an electrolyte. 

In the charge mode, concentrated hydrobromic acid l s  electrolyzed. Bro- 
mine is formed at the positive electrode, and it remains solubilized in the 
aqueous electrolyte until it reaches its solubility limit. The solubilization 
of Br2 i s  enhanced in bromide electrolytes by the formation of complex ions, 
m d  under usual cell operating conditqons most of the Br2 l s  present as the 
complex tribromlde anion (Br3-), as expressed by the equilibrium (ref. 5) 



where K I s  the  equ i l ib r ium constant f o r  the reac t ion .  Thus, the  r e a c t i o n  
occurr ing a t  the  p o s i t i v e  e lect rode dur ing  charging can be represented by 

Hydrated protons are t ransported across the  membrane, and hydrogen gas i s  
formed a t  the  negative e lect rode according t o  the  r e a c t i o n  

2Ht(aq) + 2e- + H2(g) ( 3 )  

The hydrogen and bromine formed dur ing  the  charge mode are s tored ex terna l  
t o  the c e l l ,  and they are fed back t o  the c e l l  dur ing  the  discharge ( f u e l  c e l l )  
mode t o  produce e l e c t r i c a l  energy. The o v e r a l l  c e l l  r e a c t i o n  can be expressed 
s t o i c h i o m e t r i c a l l y  as 

The a t t rac t i veness  o f  t h e  hydrogen-bromine system as a v i a b l e  energy s t o r -  

The e lec t rode r e v e r s i b l l i t y  r e s u l t s  i n  a h igh  
age system i s  l a r g e l y  due t o  the  thermodynamic r e v e r s i b i l i t y  of the  hydrogen 
and bromine e lect rode react ions.  
e l e c t r i c - t o - e l e c t r i c  e f f i c iency ,  as compared t o  p ro jec ted  e f f i c i e n c i e s  f o r  
o ther  f u e l  c e l l  systems (e.g., hydrogen-oxygen) ( r e f .  6 ) .  

Advances i n  membrane technology and t h e  u t i l i z a t i o n  o f  s o l i d  polymer e lec-  
t r o l y t e  (SPE) f u e l  c e l l  technology have r e s u l t e d  i n  the  design o f  p r a c t i c a l  
hydrogen-halogen c e l l s  which can operate a t  cur ren t  d e n s i t i e s  i n  t h e  range o f  
300 mA/cm2 ( r e f .  7 ) .  
b i l i t y ,  improved e lec t roca ta lys ts ,  and the development o f  polymer-bonded e lec-  
t rodes have overcome mass t r a n s f e r  l i m i t a t i o n s  which were inherent  i n  the  
e a r l i e r  low current  devices ( r e f s .  8 t o  10). 

Improved membrane electrochemical  performance and s ta-  

Since t h e  e lect rode k i n e t i c s  o f  the hydrogen-bromine c e l l  a re  f a s t ,  the  
vo l tage e f f i c i e n c y  o f  the c e l l  i s  determined by the  ohmic res is tance o f  the  
membrane, and coulombic losses can be a t t r i b u t e d  t o  the permeation o f  the  
Br2-containing species' through the membrane. 
formance f a c t o r s  are s t rong ly  r e l a t e d  t o  the  amounts o f  aqueous HBr and water 
which are absorbed by the membrane, and, hence, they w i l l  vary w i t h  changes i n  
the  bu lk  aqueous phase HBr  concentrat ion,  as w e l l  as w i t h  changes i n  the c e l l  
temperature, dur ing the charge and discharge cycles.  

Both o f  these membrane per- 

A schematic representat ion o f  the  mass t r a n s p o r t  o f  the  predominant spe- 
c i e s  across the  membrane dur ing the  discharge mode i s  shown I n  f l g u r e  1. Losses 
i n  cur ren t  e f f i c i e n c y  a r i s e  when B r 2  o r  Br3- 
gen i n  the hydrogen e lect rode compartment, thus r e s u l t i n g  i n  sel f -d ischarge. 
Hydrogen e lect rode poisoning by anion adsorpt ion and degradation 

r e a c t  chemical ly w i t h  t h e  hydro- 

] I n  t h i s  paper, the expressions "Br2-containing species" and "bromine" 
a re  used interchangeably - t o  r e f e r  t o  molecular bromine, Br2 ,  and/or the 
anion ic  complex, Br3 . 
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o f  the  hydrogen e lec t rode ca ta l ys t  by reac t i on  wi th  B r 2  o r  Br3- a l s o  con- 
t r i b u t e  t o  a d e t e r i o r a t i o n  i n  c e l l  performance. 

I n  order t o  achieve maximum e f f i c i e n c y  and sustained performance over a 
long du ra t i on  f rom an operat ional  hydrogen-bromine f u e l  c e l l  system, an i d e a l  
ion-exchange membrane would possess the  f o l l o w i n g  cha rac te r i s t i cs :  (1 )  h igh  
chemical s t a b i l i t y  w i t h  respect t o  degradation by Br2 I n  a h i g h l y  a c i d i c  
environment, (2 )  h igh  proton conduct iv i t y ,  (3) low permeab i l i t y  t o  Br2- 
conta in ing  species, and ( 4 )  a low permeatlon r a t e  f o r  bu l k  l i q u i d  o r  gas. 
Several s tud ies have shown t h a t  a p e r f l u o r i n a t e d  s u l f o n i c  a c i d  membrane such as 
Naf ion possesses the  des i red s t a b i l i t y  and adequate t ranspor t  p roper t i es  f o r  
u t i l i z a t i o n  I n  hydrogen-halogen c e l l s  ( r e f .  2) .  

Naf ion membranes, which are  produced and marketed by the  E . I .  du Pont 
de Nemours and Company (Wilmington, DE), a re  chemlcal ly i n e r t  and are  h i g h l y  
permeable t o  cat ions,  wh i l e  they e f f e c t i v e l y  I n h i b i t  negat ive i o n  migra t ion .  
The physicochemical proper t ies,  morphology, and t ranspor t  p roper t i es  o f  Naf ion 
have been ex tens ive ly  invest igated ( r e f s .  11 t o  14), and Naf ion and s i m i l a r  
per f luor ina ted  ionomeric membranes are  widely  employed i n  a v a r i e t y  o f  e l e c t r o -  
l y t i c  devices, i n c l u d i n g  hydrogen-oxygen f u e l  c e l l s  and e l e c t r o l y z e r s  based on 
SPE technology ( re f .  15).  The resu l t s  o f  several  i nves t i ga t i ons  o f  t he  t rans-  
p o r t  p roper t ies  o f  Naf ion membranes w i t h  respect  t o  t h e i r  u t i l i z a t i o n  i n  
hydrogen-halogen c e l l s  ( r e f s .  7 and 16) and i n  zinc-bromine c e l l s  ( r e f .  17)  
i n d i c a t e  t h a t  coulombic losses a t t r i b u t a b l e  t o  halogen d i f f u s i o n  should be low 
(<3 percent a t  25 "C) i n  a p r a c t i c a l  halogen-based energy storage system. 

The ob jec t i ve  o f  t he  present study was t o  i n v e s t i g a t e  the  e lect rochemical  
performance and t ranspor t  proper t ies o f  a Naf ion membrane i n  a chemical env i -  
ronment analogous t o  t h a t  encountered i n  a hydrogen-bromine f u e l  c e l l .  
menta l ly ,  measurements of  the  membrane r e s i s t i v i t y  and o f  the membrane 
permeation parameters and permeatlon f l uxes  f o r  Br2-containing species d i f -  
f us ing  through the  membrane were made i n  HBr media over the  ac id  concent ra t ion  
range encountered i n  an operat ional  c e l l .  The e f f e c t  o f  temperature on these 
performance parameters was a l so  Invest igated.  The data obtained from these 
measurements can be u t i l i z e d  f o r  the determinat ion o f  c e l l  vo l tage and c u r r e n t  
e f f i c i e n c i e s  and are, thus, essent ia l  f o r  an assessment o f  t he  v i a b i l i t y  o f  a 
hydrogen-bromine energy storage system f o r  s p e c i f i c  app l i ca t i ons  and f o r  t he  
op t im iza t i on  o f  c e l l  components and system designs. The experimental measure- 
ments ca r r i ed  ou t  a re  a l so  appl icable f o r  t he  screening and cha rac te r i za t i on  
o f  a l t e r n a t i v e  membrane candidates. 

Exper i -  

EXPERIMENTAL 

Membranes 

A l l  measurements f o r  t h i s  study were made on duPont Nafion-120 ca t lon-  
exchange membranes. These unreinforced membranes have a th ickness o f  -0.025 cm 
i n  the  dry  s t a t e  and an equivalent weight (EW) o f  1200. The EW i s  de f ined by 

I E C  = 1000/EW ( 5 )  

where I E C  i s  the ion-exchange capaci ty expressed I n  m l l l l e q u i v a l e n t s  per gram 
o f  d r y  acid-form polymer. 
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A l l  membrane samples were pre t rea ted  as fo l lows i n  order t o  c o n t r o l  the  

Samples were f i r s t  f u l l y  converted t o  the a c i d  form by e q u i l i b r a t i o n  
water content i n  the membrane and t o  insure  r e p r o d u c i b i l i t y  o f  the measure- 
ments. 
w i t h  a d i l u t e  HBr s o l u t i o n  conta in ing a 30- fo ld  m i l l i e q u i v a l e n t  excess, as 
based on the  I E C ,  of hydrogen ions.  Imbibed aqueous HBr was removed by 
repeated leaching i n  deionized water. 
i n  water a t  100 "C f o r  1 h r .  A s  a r e s u l t  o f  t h i s  procedure, t h e  membrane w i l l  
absorb a s p e c i f i c  amount o f  water w h i l e  remaining immersed i n  water a t  room 
temperature, unless the e f f e c t  i s  destroyed by dry ing  a t  e levated temperatures 
( r e f .  18) .  The amount of absorbed water w i l l  decrease upon exposure o f  the  
membrane t o  HBr s o l u t i o n s  o f  Increas ing concentrat ion.  

The acid-form membranes were then b o i l e d  

Hydrated membrane thicknesses were measured a t  room temperature w i t h  a 
micrometer thickness gauge. Various degrees o f  hydra t ion  and swe l l ing  were 
achieved by e q u i l i b r a t i n g  a membrane sample f o r  several  days w i t h  aqueous HBr 
e l e c t r o l y t e  so lut ions which spanned the  concentrat ion range o f  i n t e r e s t .  

Chemicals 

A l l  chemicals w e r e  o f  reagent grade and were used w i thout  f u r t h e r  p u r i f i -  
ca t ion .  E l e c t r o l y t e  so lu t ions  were prepared w i t h  deionjzed water. F o r  t h e  
preparat ion o f  Br2-free e l e c t r o l y t e  so lut ions,  care was taken t o  avoid a i r  
o x i d a t i o n  o f  the concentrated hydrobromic a c i d  stock s o l u t i o n s  which were 
employed by b lanket ing w i t h  n i t r o g e n  gas. The p u r i t y  o f  the  n i t r o g e n  gas 
employed f o r  s o l u t i o n  b lanket ing  and sparging operat ions was htgher than 
99.9 percent.  

A n a l y t i c a l  Procedures 

Volumetric analyses o f  Br2- f ree and Br2-containing HBr  e l e c t r o l y t e  
so lu t ions  were r o u t i n e l y  performed dur ing  t h i s  study. The concentrat ions o f  
the e q u i l i b r a t e d  species present i n  a s p e c i f i c  c e l l  e l e c t r o l y t e  being i n v e s t i -  
gated were determined a f t e r  withdrawal o f  a sample a l i q u o t  f rom the  appropr ia te 
c e l l  compartment a t  the appropr ia te t i m e  dur ing  the  course o f  a measurement. 
The concentrat ion o f  t o t a l  bromine (molecular bromine, Br2, p lus  the  i o n i c  
complex, Brg- )  was determined by lodometr ic t i t r a t i o n  w i th  a standardized 
sodium t h i o s u l f a t e  s o l u t i o n .  The t o t a l  hydrogen i o n  concentrat ion o f  the 
sample was then determined by t i t r a t i o n  against  a standard base. The d e n s i t i e s  
o f  some o f  the  three-component so lu t ions  (Br2-HBr-H20) were a l s o  measured 
f o r  conversion t o  molal concentrat ion u n i t s .  

Laboratory C e l l  

A l l  experimental measurements f o r  the electrochemical  performance evalua- 
t i o n s  and t ranspor t  studies were  conducted i n  a s p e c i a l l y  designed and f a b r l -  
cated two-compartment c e l l .  The design c r i t e r i a  f o r  the  o v e r a l l  c e l l  and 
experimental sys tem Included: 

( 1 )  The a b i l i t y  t o  perform both membrane c o n d u c t i v i t y  and permeation meas- 
urements i n  the  same c e l l  con f igura t ion .  
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(2) The abllity to independently control and monitor the cell variables, 
such as temperature and electrolyte composition and concentration, in each 
half-cell. 

(3) The ability to apply an external electric field across the membrane 
during the permeation measurements. 

( 4 )  The ability for dynamic electrolyte flow within each half-cell. 

Due to the highly corrosive nature of the aqueous hydrobromic acid and 
bromine electrolyte, the laboratory cell was machined from Teflon TFE blocks, 
and all components in contact with the electrolyte were fabricated of either 
Teflon, glass, or noble metals. A schematic of the cell is shown in figure 2. 
Each half-cell, which is Identified as cell A or cell B in figure 2, was fitted 
with a removable top plate, whlch contained Teflon PFA fjttings for insertion 
of the varlous cell components. These components included a thermocouple well, 
a glass heating well containing a 100-W cartridge heater and silicone fluid as 
a heat transfer medium, a gas dispersion tube for solution sparging, an 
optional glass condenser, and working and auxiliary electrodes. Three of the 
electrodes were made of iridium wire and placed in separate compartments, 
connected to the rest of the cell by porous glass frits. Each half-cell also 
contained a Teflon stirring bar whlch was coupled magnetlcally to an external 
constant speed motor, a reference electrode well, and a 3-way Teflon stopcock 
selector valve for electrolyte samplin and flow control. The membrane, which 

half-cell using Armalon (Fairprene Industrial Products Co., Fairfield, CT) 
gaskets and a clamping arrangement. These inert gaskets were comprised of a 
Teflon fiber felt impregnated with Teflon TFE resin. A photograph of the 
assembled cell and its components i s  shown in figure 3. 

had an exposed surface area o f  5.07 cm ! , was sealed between each assembled 

The capability for external electrolyte storage and independent recircula- 
tjon o f  electrolyte through each half-cell was also provided in the overall 
experimental system design. The desired electrolyte solutions for each half- 
cell were stored in separate glass reservoirs whlch were water-jacketed for 
maintaining deslred temperatures. Solutions from the reservoirs were recircu- 
lated through the cell compartments by an all-Teflon pump (Fluorocarbon, 
Anaheim, CA) and valve system. 

Conductivity Measurements 

Membrane conductivity determinations in HBr solutions were made using the 
dc method of Lander and Weaver (ref. 19). Voltage drop measurements were made 
with a Kelthley Model 616 digital electrometer in a fixed cell geometry using 
two saturated calomel electrodes with capillary probes ln abuttal to the mem- 
brane and two auxiliary electrodes for passing a constant current. The total 
measured voltage drop between the probe tips of the reference electrodes, AE,  
can be expressed as 

where id I s  the current density (A/cm2), and (RA)M and (RA)s are 
the areal reslstances (n-cm2) of the solutlon-equilibrated membrane and of 



the thin layer of free electrolyte on both surfaces of the membrane, respec- 
tively. 
cell geometry from "membrane-free" voltage drop measurements in aqueous HBr 
electrolytes at relevant concentrations and temperatures. The membrane resis- 
tivity, P M ,  which I s  the inverse of the membrane conductivity, UM, was 
calculated from (RA)M by the expression 

Values of ( R A ) s  were experimentally determined in the same fixed 

where Q Is the hydrated membrane thickness (cm), and PM has the dimen- 
sions of Q-cm. 

Membrane reslstivlty measurements were made over a 1.0 to 7.5M HBr con- 
centration range, and the temperature dependence of the conductlvity was 
studled In the 20 to 60 "C range. The membrane, which had been pretreated as 
described previously, was equilibrated with the HBr solution for at least 24 hr 
prlor to maklng a measurement. The membrane was then subjected to one heating 
cycle to 75 "C in the acidic electrolyte, prior to the measurements, in order 
to stabilize the membrane resistivity (ref. 20). 

Permeation Measurements 

lhe permeation of 61-2-containing species through the membrane was moni- 
tored by an electrochemical technique which was developed for the measurement 
of hydrogen permeation through metal membranes (ref. 21) and subsequently 
employed by Nanis and Wolf (ref. 22) to study ion permeation through battery 
separator material. This technique has also been used by investigators to 
measure the permeation of hydrogen and halogens (ref. 7) and oxygen (ref. 23) 
through Nafion. A schematlc of the experimental cell arrangement is shown in 
figure 4. After bromine was introduced into the left-hand compartment, the 
permeation rate of the Br2-contalning dlffusant (Br2 and/or Brg-) was moni- 
tored by quantitatively reducing the halogen electrochemically as it came 
through the membrane. A 52-mesh platlnum screen In abuttal to the membrane 
served as the working cathode for the halogen reductlon; the counterelectrode, 
also on the diffusant-receiving side of the membrane, was isolated from the 
bulk electrolyte by a porous glass frit in order to inhibit the mass transport 
o f  its oxldation products towards the working electrode. The potential of the 
platinum screen cathode was maintained at 0.15V positive to the saturated 
calomel reference electrode ( S C E )  with a Princeton Applied Research Model 173 
potentiostat. A polarization curve verified that the cathode potential was 
well withtn the dlffusion-limiting current region for the relevant diffusant 
concent rations . 

Well-defined initial and boundary conditions in the membrane were main- 
tained by the sequence of operations used i n  carrying out the permeation meas- 
urements. Bulk electrolyte at the desired HBr concentration was added to both 
cell compartments, and equilibrium was established with the membrane prior to 
the permeation measurements. The electrolyte was then sparged with nitrogen 
gas, which was prehumldlfled to the same water activity as that of the aqueous 
electrolyte, In order to remove traces of dissolved oxygen. The potentiostat 
was turned on, and the stable residual current was monltored on an X-Y recorder 
(Esterline Angus Model X Y  530) equlpped with a time base. The electrolyte in 
the dlffusant-contalning cell compartment was drained, mixed with a Br2-HBr 
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stock solution at the same HBr concentration as the bulk electrolyte, and 
quickly introduced back Into the same compartment. Following an Initial break- 
through period, a permeation current transient, which reflected the buildup of 
the concentration gradient within the membrane, was recorded. Thereafter, the 
permeation current reached a constant value, indicating a steady-state concen- 
tration profile within the membrane and a constant flux throughout. 

After the achievement of steady-state permeation, an aliquot of electro- 
lyte was removed from each cell compartment for analysis. Successive tran- 
sients could then be recorded for increasing total bromine concentration, which 
was effected by the rapid addition of an aliquot of the Br2-HBr stock solu- 
tion to the dlffusant-containing cell compartment. Measurements of steady- 
state permeation fluxes at various temperatures were carried out using internal 
cell compartment heaters for temperature control to within +,1 OC during a run. 

RESULTS AND DISCUSSION 

Cell Solution Chemistry 

For a hydrogen-bromine cell with an aqueous Br2-HBr solution in the bro- 
mine electrode compartment, the membrane conductivity and permeation behavior 
are both strongly dependent at any point in time upon the bulk solution concen- 
tration and composition. Changes in the external HBr concentration result in 
changes in the amount of aqueous HBr absorbed by the membrane and in the degree 
of membrane hydration, and these changes have a pronounced effect upon the mem- 
brane conductivity, diffuslvlty, and diffusant permeation rates. For a given 
degree o f  membrane hydration, the permeation flux for bromine through the mem- 
brane is also dependent upon the concentration of bromine in the external solu- 
tion. As the concentration of external HBr in equilibrium with a Nafion 
membrane increases, the amount of solution absorbed by the membrane decreases 
and the HBr concentration inside the membrane increases (ref. 2). 

The operation of a hydrogen-bromine system Is a nonsteady-state process, 
and the bulk solution concentration and composition continuously changes with 
time, as shown by the overall cell reaction (eq. (4)). During the charge 
cycle, the external HBr concentration will decrease as bromine is formed by 
electrolysis. Accordingly, both the amount of HBr solution absorbed by the 
membrane and the degree of membrane hydration will increase with time during 
charge. 

Figure 5 shows the change in the molar concentration of HBr and of bromine 
in the bulk aqueous phase as a function of the cell state-of-charge (SOC) for 
the room temperature operation o f  a cell which is initially started with 
45 percent HBr and then charged to 5 percent HBr. In this figure, CB repre- 
sents the total aqueous-phase bromine concentration based on the cell reaction 
stoichiometry and is irrespective of its actual chemical state. At -86 percent 
state-of-charge, the solubility llmit for bromine in this system is reached, 
and a second liquid phase consisting of elemental bromine is formed. This 
point of bromine phase separation and the aqueous-phase concentrations at 
states-of-charge greater than thls point were calculated from available solu- 
tion density data (ref. 24) and solubility data (ref. 25) for the HBr-Brz-HzO 
system. 
per gram of H20 remain constant in the aqueous phase at states-of-charge 
below the bromine saturation limit. 

The solution density and the total number of milliequivalents of Br 
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The actual chemical state of the bromine in the bulk aqueous phase I s  
governed by the equilibrium reaction expressed by equation (1). A s  bromine i s  
formed in the concentrated HBr solution during the charge cycle, the Br2 com- 
plexes with Br' to form Brg-, which, as indicated by the magnitude of the 
equilibrium constant for the reaction, is the predominant Br2-containing spe- 
cies in the bulk aqueous phase after equilibration. 

The equilibrium concentrations of Br-, Br3-, and Br2 In the bulk aqueous 
phase were calculated over the charge cycle which is represented by the pre- 
equilibrium concentrations shown in figure 5. The three equilibrium concentra- 
tions are plotted in figure 6, and they were determined by simultaneously solv- 
ing the follcrwtiig three eqiiations: 

and 

cH = [Br-] (9) 

where the brackets denote equilibrium concentrations. Equation (9) represents 
the requirement for electroneutrality after equilibrium, and C H  is equal 
to the molar concentration of H+ prior to equilibrium. In equation ( l o ) ,  the 
concentration of total Br2-containing species after equilibrium, CB, i s  equal 
to the total aqueous-phase Br2 concentration prior to equilibrium. The concen- 
tration of free Br2 in the aqueous phase attains values below 0.1 mol/liter for 
H+ concentrations larger than 3 .5M and exhibits a maximum at the bromine 
solubility limit. The [Br3-]/[Br2] ratio i n  the aqueous phase i s  greater 
than 100 at low states-of-charge and progressively decreases during the charge 
cycle. By the time the Ht concentration falls to -2M (i.e., -84 percent S O C ) ,  
this ratio has decreased by almost two orders of magnitude. 

Membrane Conductivity 

The results of the conductivity measurements on a Nafion-120 membrane in 
Br2-free HBr at 25 and 50 "C are presented in figure 7 as the membrane speci- 
fic resistance (or areal resistance) versus HBr concentration over the range 
indicated by figure 5. Presented i n  this form, the ohmic voltage loss across 
the membrane In an operational cell can be determined by simply multiplying the 
specific resistance, which i s  defined as the resistance for a 1 cm2 area and 
a glven thickness, by the cell current density. The point shown on the plot 
for the membrane specific resistance In pure H20 at 25 O C  was calculated by 
using equation (7) with the experimentally-measured hydrated membrane thickness 
and the literature value for the intrinsic conductivity of Nafion in pure water 
(ref. 26). The intrinsic conductivity of the membrane originates from the 
strong acidity of the fixed sulfonic acid groups. 

The membrane exhibited a maximum conductivity of 0.073 Q-1cm-1 at 25 O C  in 
,,3Fi HBr. This value 1s in excellent agreement with a semiempirical ly-calculated 
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l i t e r a t u r e  value ( r e f .  2) o f  0.077 Q-1cm-1 a t  a HBr concentrat ion o f  3M, which 
was a lso  reported t o  be the po in t  o f  maximum c o n d u c t i v i t y .  The maximurn i n  the  
c o n d u c t i v i t y  I s  probably a t t r i b u t a b l e  t o  the t rade-o f f  between the low hydrogen 
i o n  concentrat ion e x i s t i n g  i n s i d e  the  membrane a t  low ex terna l  HBr concentra- 
t i o n s  and the  decreasing membrane water content a t  h igher  ex te rna l  HBr concen- 
t r a t i o n s  ( r e f .  7 ) .  A s  the  membrane dehydrates, there  i s  a decrease i n  the 
volume f r a c t i o n  o f  the membrane tha t  supports i o n i c  m o b i l i t y .  

The temperature dependence o f  the  membrane c o n d u c t i v i t y  I s  i l l u s t r a t e d  by 
the Arrhenlus p l o t s  shown i n  f i g u r e  8 f o r  the th ree  experiments performed a t  
HBr concentrat ions greater  than 3M, which i s  the  HBr  concentrat ion correspond- 
i n g  t o  the  observed c o n d u c t l v i t y  maximum. Since t h e  degree o f  membrane hydra- 
t i o n  f o r  each HBr concentrat ion remained constant over the temperature range 
inves t iga ted  as a r e s u l t  o f  the thermal pretreatment employed, the increase i n  
c o n d u c t i v i t y  on heat ing r e f l e c t s  an increase i n  i o n i c  m o b i l i t y  w i th in  the 
absorbed aqueous phase. Ac t iva t ion  energies f o r  p ro ton  t ranspor t  i n  the  
Naflon-120, which were ca lcu lated from the Arrhenius p l o t s ,  a r e  g iven i n  
t a b l e  I along w i t h  membrane conduct iv i t ies  f o r  the  var ious HBr concentrat ions 
exam1 ned . 

The f a s t  proton conduction i n  p e r f l u o r o s u l f o n i c  a c i d  membranes can be 
a t t r i b u t e d  t o  the s t rong h y d r o p h i l i c i t y  and a c i d i c  character  o f  t h e  f i x e d  s u l -  
fonate (SOg-) groups and t o  the nature o f  the  absorbed water, which i s  no t  
as s t r o n g l y  hydrogen bonded i n  Nafion as i t  i s  i n  aqueous so lu t ions  ( r e f .  26). 
The observed l o w  a c t i v a t i o n  energies f o r  proton t ranspor t ,  which are  s i m i l a r  
i n  magnitude t o  the energy f o r  hydrogen bonding, a re  i n d i c a t i v e  o f  r e l a t i v e l y  
weak i n t e r a c t i o n s  between the protons and the f i x e d  ions as a r e s u l t  o f  the 
s t rong hydra t ion  of  the su l fonate groups. 

Analogous t o  r e s u l t s  obtained f o r  Nafion-120 i n  HC1 media ( r e f .  7 ) ,  an 
increase i n  the  a c t i v a t i o n  energy would be expected a t  h igh  HBr concentrat ions,  
thus r e f l e c t i n g  increased coulombic i n t e r a c t i o n  between t h e  ions as the  mem- 
brane dehydrates. Calcu lat ions based on e l e c t r o l y t e  uptake data ( r e f .  2) and 
cons is ten t  w i t h  the accepted i o n - c l u s t e r  morphology model f o r  Naf ion show t h a t  
the  number o f  H20 molecules per SO3- group decreases from approximately 13.5 
t o  9 as the ex terna l  HBr concentrat ion increases from 3.9 t o  7.3M. As  shown i n  
t a b l e  I ,  only  a s l i g h t  increase i n  the a c t i v a t i o n  energy was observed between 
these two HBr  concentrat ion values. 

Bromine D i f f u s l v i t y  

The bromine permeation t rans ients ,  which were observed as reduct ion cur-. 
ren ts  by the experimental electropermeation method described prev ious ly ,  
r e f l e c t e d  d i f f u s i o n  through the membrane under a known se t  o f  i n i t i a l  and 
boundary condi t ions.  These condi t ions i n  which the  bromine concentrat ions ( c )  
a t  the i n p u t  ( x  = 0)  and e x i t  s i d e  ( x  = a )  o f  the  membrane are known a t  var-  
lous tlmes ( t )  are:  

c = o ;  o <  x < a; t < 0 (13) 
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Experimentally, the initial condition (eq. (13)) was verified by the presence 
of only a small residual steady-state background current prior to Introduction 
o f  the bromine diffusant. During the transient, the bulk bromine concentration 
in the diffusant-containing cell compartment was kept constant, and a constant 
bromine concentration just inside the surface o f  the membrane at the input side 
(c,) was assumed, thus satisfying equation (11). 
because the bromine was quantitatively reduced upon arriving at the monitoring 
electrode in abuttal to the exit side. This was verified by a steady-state 
plateau of the reduction current at the applied cathodic potential. 

Equation (12) was fulfilled 

The overall diffusion process may be represented by Fick's second law: 

2 - ac a c  
a t z D 2  

where D is the diffusion coefficient, or diffusivity, wlthin the membrane. 
The permeation flux (J) of bromine through the membrane is described by Fick's 
first law: 

ac 
ax J - D -  

Using the boundary conditions stated above, Fick's second law equation can be 
solved with the aid of Laplace transforms, for example (ref. 20). The first- 
term approximation of the solution yields the following relationship for the 
ratio of Jt, which is the time-dependent permeation flux at x = Q and time 
t, to J,, which is the steady-state permeation flux at t = -: 

1/2 exp (-k) 2 - -  Jt - 
J- ( l r T )  

where T = Ot/Q2 is a dimensionless time parameter. This first-term approxi- 
mation is valid up to Jt = 0.965 J,. 
function o f  T is shown as the solid line in figure 9. 

The theoretical curve of (Jt/J,,,) as a 

In the steady-state condition a linear concentration gradient through the 
membrane is assumed and 

Dc 0 J = -  - a  

where 3, has the dimenslons of moles-cm-2-sec-1. The steady-state flux can 
alternatively be expressed in terms of the steady-state current density, i, 
(A/cm2) : 

nFDco 
i I- 
0 a 

8 

where n is the number of electrons involved In the reduction reaction at the 
monitoring electrode, F is the Faraday constant, and D and co are 
expressed as cm*/sec and moles/cm3, respectively. Equation (18) shows 
that the experimentally observed steady-state permeation current is expected to 
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be propor t iona l  t o  the bromine concentrat ion I n  the  d l f fusant -conta in ing  c e l l  
c ompa r tment . 

By f i t t i n g  a normalized experimental curve o f  it/i, ( =  Jt/J,) aga ins t  
t ime ( t )  w i t h  the t h e o r e t i c a l  permeation t r a n s i e n t  o f  f i g u r e  9, t h e  "apparent8I2 
bromine d l f f u s l v i t y  i n  the membrane can be computed i f  the experimental r e s u l t s  
f i t  c l o s e l y  w i t h  the  t h e o r e t i c a l  curve, thus i n d i c a t i n g  t h a t  the  d i f f u s i o n a l  
behavior o f  t h e  system agrees wi th  the  postu la ted model. A s  an example, one 
s e t  o f  experimental r e s u l t s  obtained f o r  the t r a n s i e n t  permeation behavior o f  
bromine through a Nafion-120 membrane i s  p l o t t e d  as the  broken curve i n  
f i g u r e  9. From equat ion (16), a value o f  Jt/J, = 0.5 corresponds t o  
T = 0.138, and the  value o f  D can be ca lcu la ted  from the d e f i n i t i o n  o f  T 

expressed as 

e2 D = 0.138 7 
/2  

where t1 /2 i s  the  h a l f - r i s e  t ime  a t  which it/i, = 0.5 on the exper imenta l ly  
obtained p l o t  o f  ( i t / i oo )  versus t. Since the steady-state permeation f l u x  can 
be measured d i r e c t l y ,  the value of  co can be ca lcu la ted  from equat ion (17 )  
us ing the D value obtained f rom the  t r a n s i e n t  analys is .  

The experimental d i f f u s i v i t i e s  f o r  bromine i n  the  s p e c i f l c  Naflon-120 mem- 
brane sample under I n v e s t i g a t i o n  are  shown i n  f i g u r e  10 as a f u n c t i o n  o f  ex te r -  
n a l  HBr concentrat ion.  The expected decrease i n  bromine d l f f u s i v i t y  w i t h  
inc reas ing  HBr concentrat ion was observed a t  HBr concentrat ions greater  than 
-3M; however, anomalously low values were observed a t  lower HBr concentrat ions.  
A t  the  present t ime, no substant iated explanat ion can be given f o r  the  anoma- 
lous r e s u l t s .  I t  i s  uncer ta in  as t o  whether o r  n o t  the  observed decrease i n  
the d i f f u s i v i t y  as the HBr  concentrat ion decreased below -3M was r e a l  f o r  the 
p a r t i c u l a r  membrane sample being inves t iga ted  and i t s  "pretreatment" h i s t o r y  
(e.g., the ac tua l  degree o f  membrane hydrat ion) ,  o r  whether the  experimental 
cond i t ions  had an e f f e c t  on the current  t r a n s l e n t  response dur ing  the  d i l u t e  
HBr evaluat ions.  

The ca lcu la ted  concentrat ion o f  t o t a l  bromine d isso lved j u s t  i n s i d e  the 
surface o f  the membrane a t  the input  s ide,  co, was s i g n i f i c a n t l y  lower than 
the concentrat ion o f  t o t a l  Br2-containing species I n  the  bu lk  so lu t lon ,  CB. 
F igure 11 shows the  r e l a t i o n s h i p  of c o  t o  cg f o r  bromine i n  5.35M HBr a t  
25 "C. The d i f f e r e n c e  between c o  and CB has been shown t o  be r e l a t e d  t o  
the format ion o f  the complex Br2-conta ln ing anions i n  bromide so lu t ions  
( r e f .  7 ) .  

Since the Br2/Br-/Br3- e q u i l l b r i u m  expressed by equat ion (1)  i s  unknown 
w i t h i n  the membrane, i t  i s  impossible t o  d i f f e r e n t i a t e  between Br2 and Brg- as 

2The computed value o f  the d i f f u s i v i t y  i s  an "apparent" value i n  the 
sense t h a t  the mathematical formalism based on F i c k ' s  second law i s  no t  ade- 
quate t o  account f o r  any dependence of  0 on the d i f f u s a n t  concentrat ion 
( r e f .  27). I n  the experimental i n v e s t i g a t i o n  presented i n  t h i s  paper, the 
bromine d i f f u s i v i t y  i s  assumed t o  be independent o f  the bromine concentrat ion.  
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the actual diffusing species. However, it has been suggested (ref. 28) that 
Br2, which i s  dissolved within the membrane, i s  more likely to be the species 
actually diffusing through the membrane structure. This suggestion is based 
upon considerations of the internal equilibrium: the relatively low Br' con- 
centration existing within an anionic membrane would cause the equilibrium 
between the bromine species to be strongly in favor of dissolved elemental Br2. 

Bromine Permeability 

A practical and realistic way of expressing the overall degree o f  permea- 
tion through a membrane i s  by defining the permeability, Q, which i s  a phenom- 
enological parameter related to the permeation flux by the experimentally 
measurable external concentration of the permeating species, cg: 

Qc B J = -  - a  
For the case i n  which the actual permeation mechanism i s  diffusion, 
equation (17) can be combined with equation (20) to show that the permeability 
depends upon the solubility as well as upon the diffusivity: 

C 

C (21) 0 Q = O -  
B 

where the ratio C,/CB represents a distribution or partition coefficient 
of the diffusant between the membrane and the external bulk solution phases. 

A s  the actual coulombic losses in an operational cell are determined by 
the product of the diffusivity or the permeability and the appropriate concen- 
tration term, a permeation factor, P ,  can be defined as 

P = J-a = Dc, = QCB 

According to equation (22). if  the HBr concentration i s  kept constant, a linear 
relationship would be expected between P and the concentration of total bro- 
mine in the external solution. This analysis assumes that the observed permea- 
tion behavior I s  governed by the aforementioned internal membrane equilibrium 
and is independent of the actual Br2-containing species which exist in the 
bulk aqueous phase. Figure 12 i s  a plot of the experimentally observed bromine 
permeation factor at 25 O C  as a function of the external total bromine concen- 
tration for various aqueous HBr concentrations. The permeation fluxes 
reflected by 
configuration assured that no Br2-containing species were transported through 
the membrane by electromlgratlon. 

P are diffusional fluxes of Br2 and Br3- only; the test cell 

The observed linearity shown In figure 12 between the permeation factor 
and the external total bromine concentration supports the assumption that the 
observed permeation behavior I s  irrespective of the actual Br2-containing 
species present in the bulk aqueous solution phase over the bromine concentra- 
tlon range examined. Thus, the aforementioned coulombic losses and detrimental 
effects in an Operational cell, whlch are attributable to membrane permeation 
by either Br2 or Br3-, can be phenomenologically related to the measurable 
total bromine concentration, CB. Experimentally, no linear dependence between 
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P and the equilibrium concentration of Br2 in the aqueous phase was observed 
as CB was varied while the HBr concentration was held constant. 

The slopes of the experimental plots shown in figure 12 yield the bromine 
permeabilities according to equation ( 2 2 ) ,  and the linear relationship between 
permeability and external HBr Concentration is shown in figure 13. The 
decrease in bromine permeability with increasing HBr concentration is primarily 
related to the permeation-inhibiting effects associated with membrane dehydra- 
tion. As dehydration occurs, internal reorganizations o f  the ion-cluster 
morphology of Nafion occur, which result i n  narrower channels for diffusion. 
Also, the electrostatic potential energy barrier to anion migratlon increases 
as the membrane fixed charge density increases. The increase in the internal 
HBr concentration with increasing external solution concentration results in 
more pronounced ion association and increased viscosity of the imbibed solu- 
tion, which would also contribute to lower bromine permeabilities (ref. 28). 

As the permeation factor, P, is by definition the product of two 
temperature-dependent terms, D and 
permeation flux can be described by the following Arrhenius-type relationship: 

c o ,  the effect o f  temperature on the 

where Ep 
cal-mol-ldeg-1, and T is the absolute temperature. In this equation, the 
energy parameter 
energy for diffusion, ED, and an energy parameter, Es, which is related to 
the apparent heat of solution for bromine dissolution in the membrane phase. 

is an apparent activation energy for permeation, R = 1.987 

E p  is actually equal to the sum o f  the apparent activation 

The temperature dependence of the permeation factor, or of the bromine 
permeation flux through the Nafion membrane, is illustrated by the Arrhenius 
plot shown in figure 14 for a value of 
Increase in bromine permeation with temperature is primarily associated with 
an increase in the diffusant mobility at elevated temperatures. Experimental 
values of 
with the permeation parameters for various HBr concentrations. 

CB = 0.23M in 5.22M HBr. The 

Ep, calculated from Arrhenius plots, are given in table I1 along 

The similar magnitudes of the observed values of Ep over the 2 to 7.5M 
HBr concentration range are probably attributable to opposing effects of HBr 
concentration on the parameters ED and Es. As the HBr concentration 
increases and the membrane becomes dehydrated, the bromine diffusivity 
decreases, and, thus, an increasing value of the energy barrier for diffuslon, 
ED, would be expected. 
more concentrated HBr solutions, a decreasing value of ES (i.e., an 
increasing value of co for a constant concentration of total bromine in the 
external solution) would be expected as the HBr concentration increases. 

However, as the solubility of bromine is higher in 

Cell Coulombic Losses 

Based upon an analysis of the experimentally observed membrane permeation 
behavior of bromine in an aqueous HBr environment, coulombic losses attributed 
to the diffuslonal migration of Br2-containlng species through a Nafion-120 
membrane have been calculated for the operation of the hydrogen-bromine cell 
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represented by figure 5. Bromine permeation fluxes were extrapolated to cor- 
respond to the actual concentrations of total bromine existing in the cell at 
various states-of-charge, and the effects of temperature on the resultant 
fluxes were evaluated. In figure 15, the bromine permeation currents through 
a Naflon-120 membrane are plotted as a function of the cell state-of-charge for 
both 25 and 50 "C operation of a cell being charged from 45 to 5 percent HBr. 

As shown in figure 15, the bromine permeation current density and, thus, 

At states-of-charge above the bromlne solubility 
the cell coulombic losses reach a maximum value at the solubility limit for 
bromine in this system. 
llmlt, the bromlne permeablllty, Q, is assumed to continue to increase, how- 
ever, the permeation flux decreases as a result of the rapid decrease in the 
aqueous phase concentration of total bromine, CB. 
where the concentration of Br2 in the aqueous phase is negligible, the cell 
coulombic losses are almost exclusively attributable to membrane permeation by 
Br3- from the bulk solution phase. The cell current efficiency is enhanced 
at the lower states-of-charge as a result of the electrostatic rejection of the 
Br3- species by the negatively charged polymeric membrane. 

At low states-of-charge 

SUMMARY OF RESULTS 

An integral part of an assessment of the viability of a hydrogen-bromine 
energy storage system for space power applications is the determinatlon of the 
overall efficiency of the system, as well as a characterization of the system 
components with respect to stability and performance. 
in mind, the electrochemical performance and transport properties of a Nafion- 
120 membrane have been investigated in a chemical environment analogous to that 
encountered in a hydrogen-bromine fuel cell. Membrane conductivities have been 
determined as a function of HBr concentration and temperature, and data have 
been presented for the determination of the ohmic voltage losses across the 
membrane in an operatlonal cell. 

With these objectives 

Membrane permeation parameters and permeation fluxes for Br2-containing 
species diffusing through the Nafion-120 membrane were determined in HBr media 
over a 1 to 8M acld concentratlon range, which would be encountered In a H2-Bt-2 
cell, and as a function of temperature. The transport properties were found to 
be strongly dependent upon the degree of membrane hydration. The experimental 
electropermeation method employed for these studies can be utilized for the 
screening of membrane candidates in order to assess coulombic efficiencies, as 
well as for in-depth membrane characterizations. 

The cell solution chemistry was discussed f o r  the operation o f  a hydrogen- 
bromine cell which is initially started with 45 percent HBr and then charged to 
5 percent HBr. 
used to predict actual cell coulombic losses, which are attributable to bromine 
diffusion through the membrane, as a function of the state-of-charge for this 
hypothetical cell. 

The experimentally observed bromlne permeation behavior was 

1 .  E.N. Balko, 
Halogen Fue 
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I. - N 

ENERGY 

____ - - - - -  
HBr  

concent ra t ion  

m o l / l i t e r  ut % 

1.34 10.2 
2.07 15.1 
3.88 26.0 
5.15 32.5 
7.32 42.2 

DN-120 MEMBRANE C O N D U C T I V I T I E S  AND A C T I V A T I O N  

FOR PROTON CONDUCTION I N  BROMINE- FREE HBr 

----- _ _ _ ~ . _  - -- --._ - - 
Hydrated Membrane A c t i v a t i o n  
membrane conduc t i v i t y ,  energy 

th ickness, UM 9 f o r  
cm Q-1 -cm-l conduct1on.a 

kca 1 /mo 1 
25 O C  50 O C  

2 . 8 9 ~ 1 0 - ~  0.066 0.100 3.20 

2.84~10-2 .070 .095 2.32 

2.76~10-2 .026 .038 2.88 

2.88~10-2 .064 . lo3  3.49 

2.81~10-2 .052 .070 2.20 

5 . 3 6 ~ 1  0-7' --------- 
6 . 9 6 ~ 1  0-7 1 .22~10-7 
6 . 0 7 ~ 1 0 ' ~  1 . 4 5 ~ 1  0'7 

C5.68~1 0-7 9 . 5 0 ~ 1  0-8 
I 3 . 9 7 ~ 1 0 ' ~  5.9 1 x l  0-8 

TABLE 11. - EXPERIMENTAL BROMINE DIFFUSIVITIES AND PERMEABILITIES 

I N  A NAFION-120 MEMBRANE AT 25 O C  AND A C T I V A T I O N  ENERGY FOR 

PERMEATION FOR VARIOUS HBr CONCENTRATIONS 

HBr 
concentrat ion,  

mol  /li t e r  

1.33 
2.08 
3.65 
5.23 
7.40 

C e l l  
SOC,a 

x 

95.2 
83.3 
61 .6 
39.5 

8.9 

Bromine 
d l f f u s i v i t y ,  

0, 
cm2/sec 

Bromi ne 
pe rmeab i l i t y ,  

Ep,b 
kca 1 /mo 1 

7.36 
5.91 
6.28 
6.21 
5.70 

acorrespondlng s tate-of -charge o f  a H2-Br2 c e l l  be ing charged 

bApparent a c t i v a t l o n  energy f o r  bromine permeation. 
CExperlmenti.31 a l f f u s l v l t y  va lue f o r  5.20M HBr .  

f rom 45 t o  5 percent  H B r .  
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HYDROGEN BROMINE 
ANODE MEMBRANE CATHOM 

H2- 2H+ + 2E- 

1 

FIGURE 1. - MASS TRANSFER THROUGH A MMBRANE DURING THE 
DISCHARGE MOM OF OPERATION OF A HYDROGEN-BROMINE 
CELL. 

IRIDIUM 
ELECTRODE 

THERMOCOUPLE 

7 1- N2 GAS INLET 

DRAIN AND ELECTROLYTE 
SAMPLING 

- GASKET 
MEMBRANE 

DRAIN AND ELECTROLYTE 
SAAPL I NG 

FIGURE 2. - DIAGRAM OF LABORATORY CELL FOR THE EVALUATION OF WIBRANE TRANSPORT PROPERTIES AND 
ELECTROCHEMICAL PERFORMANCE. 
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GRlGlMAL PAGE IS 
OF POOR QUALITY 

FIGURE 3. - ASSEMBLED MEMBRANE EVALUATION CELL. 

POTENT I OSTAT 

I R I D I U M  
ANODE 

PLATINUM SCREEN CATHODE 

1 B R ~  + 2E- ~ B R -  

+ 2E-- ~ B R -  
MEMBRANE 

FIGURE 4 .  - CELL ARRANGEMENT FOR BROMINE PERMEATION MEASUREMENTS, 
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STATE-OF-CHARGE (%) 

FIGURE 5. - CHANGES I N  HBR AND TOTAL BROMINE CON- 
CENTRATIONS I N  THE BULK AQUEOUS PHASE DURING 

FROM 45% HBR TO 5% HBR. 
THE CHARGE CYCLE OF A HZ-BR2 CELL BEING CHARGED 

3.9 - 

2 . 5  - 

h 

e w 
t 
2 2 . 0  
d 

E: 

z w 1.5 

- 
\ 

v 

L 

c 4 
a - 
V L 
0 V 

1.0 - 

.5 - 

STATE-OF-CHARGE (%) 

FIGURE 6. - CALCULATED EQUILIBRIUN CONCENTRATIONS OF BR-. 
B R ~ - ,  AND B R ~  I N  THE BULK AQUEOUS PHASE AS A FUNCTION OF 

CENTRATION cB. 
STATE-OF-CHARGE OF A H2-BR2 CELL WITH TOTAL BRMINE CON- 

20 

- 



4 STATE-OF-CHARGE ( X )  

1 1  I- 4 

0 1 2 3  4 5 6 7 8  
HBR CONCENTRATION (MOL/LITER) 

FIGURE 7. - SPECIFIC RESISTANCE O f  NAFION-120 AS A FUNCTION 
OF HBR CONCENTRATION AND TEMPERATURE. (0 )  H20, FROM 
REF. 26. 
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- 1c 
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TEMPERATURE. T (OC) 

60 50 4 0  30 25 

I I i I 

3. a a ~  - 

. 5 . 1 %  

7 .32M HBR 

I 3.0 3 . 1  3 .2  3 .3 3 . 4  
1000/T (OK-') 

FIGURE 8. - ARRHENIUS PLOTS FOR NAFION-120 MEMBRANE CONDUC- 
T I V I T I E S  FOR VARIOUS AQUEOUS HBR CONCENTRATIONS. 
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TIME. t (SEC) 

800 lo00 60 80 100 200 400 600 40 
I I I ' 1 ' 1  I I I I 

- 

- 

- 

- 

I I I I l l  I I I I I I l l  
.04 .06 .08 .1 .2 .4 .6 .8 

T(= Dt/12) 
FIGURE 9. - BROMINE PERNEATION TRANSIENTS. SOLID LINE: THEORETICAL CURVE FROM EQ. (16). BROKEN LINE: EXPERIPENTAL RESULTS FOR 
PERMATION THROUGH NAFION-120 AT 24 OC IN 3.62R HB~/0.26Pl B R ~ .  

3 

0 - 0 

O 

w 

% 2  

0 

0 

I 
0 2 4 6 8 10 

EXTERNAL HBR CONCENTRATION (HOL/LITER) 

FIGURE 10. - OBSERVED BROMINE DlFFUSlVlTY IN NAFION-120 AT 
25 OC AS A FUNCTION OF EXTERNAL HBR CONCENTRATION. 
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.01 1 I I I I I I I  I I 

TOTAL BROnlNE CONCENTRATION. cB (MOL/LITER) 

FIGURE 1 1 .  - RELATIONSHIP OF Co TO CB FOR BROMINE PERMEATION 
THROUGH NAFION-120 IN 5.234 HBR AT 25 OC. 

0 .2 .4 . 6  .8 1 . 0  1 . 2  1.4 
TOTAL BROMINE CONCENTRATION, cB (MOL/LITER) 

FIGURE i 2 .  - PEREATION FACTORS FOR OBSERVED BROMINE FLUXES 
THROUGH NAFION-120 AT 25 OC AS A FUNCTION OF TOTAL 
BROMINE CONCENTRATION AND EXTERNAL HBR CONCENTRATION. 
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FIGURE 13. - DEPENDENCE OF BROMINE PERREABILITY UPON EXTERNAL 
HBR CONCENTRATION FOR PERMATION THROUGH NAFION-120 AT 
25 OC. 
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FIGURE 14, - TEMPERATURE DEPENDENCE OF BROMINE PERMEATION 
FACTOR FOR NAFION-120 I N  5 . 2 2 M  HBR/0.23\ BR2. 
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STATE-OF-CHARGE (%) 

FIGURE 15. - COMPUTED BROMINE PERMEATION CURRENTS 
THROUGH NAFION-120 AT 25 OC AND 50 OC AS A 

BEING CHARGED FROM 45% HBR TO 5% HBR. 
FUNCTION OF STATE-OF-CHARGE OF A H2-BR2 CELL 
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